The hydroformylation of propylene to butyraldehyde is an important industrial process. In this reaction system, carbon monoxide, hydrogen, and propylene are converted to n-butyraldehyde in an aqueous phase containing a water-soluble rhodium catalyst. This reaction system consists therefore of three different phases: the aqueous catalyst phase, the organic butyraldehyde phase, and the gas phase. A modeling study indicated that an optimum value of the production rate is reached at a certain power input. It was shown that mass transfer plays an important role in this reaction system and that accurate knowledge of the mass-transfer parameters in the gasliquid-liquid system is necessary to predict and to optimize the production rate. Mass-transfer experiments with CO, H 2 , and propylene in water and in solutions consisting of water with different amounts of n-butyraldehyde were carried out in a stirred autoclave. The results indicated that the addition of small amounts of butyraldehyde caused a relatively small increase increase in k L a, which was probably caused by a larger increase of the gas-liquid interfacial area, a, accompanied by a decrease in the mass-transfer coefficient, k L . Near the point of maximum solubility of butyraldehyde, a strong (factor of 3) increase in k L a was observed. The most logical explanation for this is an increase in k L , because measurement of the interfacial area did not show such an increase. This increase in k L , i.e., the disappearance of the initial decrease, might be due to the disappearance of the rigid layer of butyraldehyde molecules at the gas-liquid interface by formation and spreading of a butyraldehyde layer around the bubble.
Introduction
The biphasic hydroformylation of propylene was first reported by Kuntz. 1 Its major advantage over the conventional single-phase hydroformylation process is the higher selectivity (95% compared to 80%) to the desired product, n-butyraldehyde. The reaction scheme is shown in Figure 1 . The reaction is carried out in the aqueous phase containing a rhodium catalyst with water-soluble ligands. The product butyraldehyde is sparingly soluble and forms a second (dispersed) liquid phase. This catalyst is made water-soluble by the addition of triphenylphosphine-m-trisulfonic acid trisodium salt (TPPTS).
The biphasic hydroformylation of propylene has been commercially applied by Ruhrchemie/Rhône-Poulenc (RC/RP, currently Hoechst/Celanese) since 1984. A schematic outline of the process is presented in Figure  2 , and the estimated relevant process parameters 2, 3 are listed in Table 1 . In this process, syngas and propylene are fed to a reactor in which the conversion to butyraldehyde takes place. In the reactor, a system of three phases exists: the aqueous phase containing the catalyst; a dispersed phase containing butyraldehyde; and a gas phase consisting of the gaseous reactants CO, H 2 , and propylene. After leaving the reactor, the reaction mixture is transported to a gas-liquid separator in which the unconverted gases are separated from the liquids and returned to the reactor. The liquid two-phase system is separated by simple decantation, and the aqueous catalyst phase is transported back to the reactor. Impurities are removed from the organic phase in a stripping column using the syngas stream. The crude butyraldehyde can be further processed to a distillation column in which the n-butyraldehyde is separated from the iso form. Strengths of this process are the low rhodium losses (less than 10 -9 g/kg of n-butyraldehyde 4 ) and the low energy consumption. Butyraldehyde is a versatile product, and the raw material can be used for the production of numerous other chemicals. A major part of the produced butyraldehyde is converted to butanols and 2-ethylhexanol, and butyraldehyde is also used as the raw material for the production of carboxylic acids and amines.
The influence of mass transfer in this process was investigated by Wachsen et al. 5 These authors concluded from their experimental work that the process was (at least partially) mass-transfer-limited. With the development of improved, more active catalysts 6 mass transfer will be increasingly important in this reaction system.
In this article, the influence of the volume fraction of butyraldehyde on the volumetric mass-transfer coefficient in the biphasic hydroformylation of propylene is investigated. In the first part of this article (sections 2 and 3), a modeling study in which mass transfer and reaction kinetics were taken into account is described. In the second part of this article (sections 4-6), masstransfer experiments involving the different gases found in the hydroformylation reaction (CO, H 2 , and propylene) into water with different fractions butyraldehyde are described.
Modeling of Mass Transfer and Chemical Reaction
The model that is used in this section takes both the mass transfer and the chemical reaction into account. The governing equations that determine the fluxes of the three gases (A ) H 2 , B ) CO, and E ) propylene) into the aqueous liquid phase are as follows with boundary conditions From these equations, the fluxes of the different gases into the liquid can be calculated according to
The average flux in time can be determined using the penetration model In the reactor model, a constant partial pressure of the gaseous reactants was assumed, and the overall losses of CO, H 2 , and propylene from the liquid phase were neglected. In the steady state, the fluxes of all components are then equal to the total reaction rate in the solution
The bulk concentrations of the three different reactants can be determined from this equation.
2.1. Kinetics. The kinetics of the hydroformylation reaction in the presence of a RhCl(CO)(TPPTS) 2 /TPPTS complex catalyst were experimentally determined by Yang et al. 7 These authors varied the propylene concentration, the initial pressure, the H 2 /CO ratio, the temperature, the rhodium concentration, and the ligand/ rhodium ratio in an orthogonal experimental design to obtain the following rate expression
The constants are defined in Table 2 . The concentrations of the three different gases were calculated from the partial pressures using the Peng-Robinson equation of state with standard mixing rules to combine the kinetic rate expression with the flux calculations.
Mass Transfer.
A standard stirred-tank contactor with Rushton-type agitator and baffles is used in the present study to determine the mass-transfer properties for the absorption of the three hydroformylation gases in the water-butyraldehyde solution. This vessel was characterized completely in terms of gas hold-up, bubble size, interfacial area, and mass-transfer coefficient for coalescing as well as noncoalescing systems. The addition of butyraldehyde to water is likely to prevent coalescence of gas bubbles in the solution (because of the strong decrease in surface tension, from 72.8 to 37.6 mN/m at 25°C 8 ), which means that the results obtained and correlations recommended for the 
noncoalescing system are most appropriate. The bubble diameter can probably be best described with the equation proposed by Calderbank 9 for aliphatic alcohol solutions
The gassed power input can be calculated from the relation given by Hughmark 10
The gas hold-up in noncoalescing systems has been given by Greaves and Barigou 11 The interfacial area is calculated using the relation a ) 6 /d 32 . The mass-transfer coefficient, k L , is calculated according to the work of Linek et al., 12 using a correction for the diffusion coefficient
It is well-known that the addition of surfactant-like components (such as butyraldehyde) reduces surface tension, and such components can form a somewhat stagnant, more rigid layer of molecules around the bubble. This hydrodynamic effect causes a decrease in the mass-transfer coefficient. Llorens et al. 13 investigated this behavior and found the following relation in which π (N/m) is the interfacial pressure, defined as
This k L value can be used in the calculation of the penetration time according to 2.3. Dispersed Phase. The addition of a dispersed phase can increase the rate of mass transfer when the solubility of the component to be transferred is higher in the dispersed phase than in the continuous phase. Cents et al. 14 have shown that this increase of mass transfer in the case of toluene and 1-octanol could be well described using a homogeneous model of the shuttle mechanism. When it is assumed that this description is also applicable to the biphasic hydroformylation of propylene with butyraldehyde as the dispersed phase, the governing equations are
The boundary conditions are similar compared to those for the system without a dispersed phase. The following assumptions are made: (1) The dispersed phase is equally divided throughout the gas-liquid mass-transfer zone. (2) The concentration of each of the three gases in the dispersed phase is, at any time and place within the mass-transfer zone, at equilibrium with its concentration in the surrounding continuous phase. (3) The presence of the microphase droplets does not influence the surface renewal frequency of the continuous liquid phase.
Neglecting the liquid-liquid mass transfer is likely to be justified, because of the low water-butyraldehyde interfacial tension. This means that the butyraldehyde droplets are very small, thus creating a high liquidliquid interfacial area. Assumption 3 seems reasonable as Cents et al. 14 found that, for all dispersed liquid phases, whether or not they enhanced mass transfer, the apparent k L value remained constant.
2.4. Numerical. The bulk concentrations of the different gases can be determined starting with an empty bulk and increasing the bulk concentration using the average flux after each penetration time until a steady-state situation is reached. In this situation (with and without a dispersed phase), the following relation holds Performing such a determination is, however, quite time-consuming, and in this case, an algorithm is used that calculates an initial guess of the bulk concentrations using the film model by solving the equation or in the case in which a dispersed phase is present for all three components. Thereafter, the bulk concentrations are solved from eq 18 using the full set of equations in an optimization routine.
The set of three partial differential equations is solved using the method of lines. The system is converted to ordinary differential equations (ODEs) by central discretization of the diffusion term and solved using a variable-order, stiff ODE solver. The number of place steps (in the mass-transfer zone) was 50, and the number of times steps (during the penetration time) was 500. This combination gave good agreement with the analytical solution in a simple first-order reaction system, and increasing the number of steps did not influence the results. The penetration depth for physical absorption (δ p ) 4D/k L ) was taken as 1.5 times the penetration depth of the gas with the largest diffusion
The flux was approximated as and the fluxes were integrated in time using the Simpson rule.
Modeling Results

Effect of Partial Pressure on Reaction
Rate. The effect of the partial pressures of the three hydroformylation gases on the reaction rate (no mass-transfer limitations) is shown in Figure 3 . The reaction rates are calculated for a temperature of 120°C and partial pressures of 10 bar of H 2 , 10 bar of CO, and 10 bar of propylene (at reaction temperature), unless the partial pressure is the parameter under investigation. Plots of the reaction rate versus partial pressure for CO and propylene show a maximum around 2-3 bar. At higher partial pressures, a decreasing rate is found with increasing partial pressure.
Effect of Catalyst Concentration.
The effect of negative-order dependencies on the production rates can be significant when both mass transfer and chemical reaction are partially limiting. An example of such an effect is shown in Figure 4 . In this figure, the reaction rate versus the gassed power input is plotted for three catalyst concentrations. The physical properties and operating conditions that were used are listed in Table  3 . At low power input per unit volume, the rate increases with increasing power input; it then passes through a maximum and eventually becomes independent of the power input provided by the impeller. This kind of behavior was also observed by Bhattacharya and Chaudhari, 15 who studied the homogeneous one-phase hydroformylation of 1-hexene.
At low gassed power input, the mass transfer of CO is limiting (in this example), which means that the bulk concentration of CO remains almost zero. An example of the concentration profiles in the liquid phase at low power input at the end of the penetration time is provided in Figure 5 . The mass-transfer rate is not enhanced by the reaction as no influence of the increased catalyst concentration is found at low values of the power input. The maximum in Figure 4 occurs at the conditions in which the bulk concentrations of CO and propylene are at an optimum level (close to 2-3 bar or 20-30% of the saturation concentration). This maximum will occur at lower power inputs for lower catalyst concentrations, as the bulk concentrations will increase at lower power inputs at a lower rate. At high Table 3. power inputs, the reaction rate is kinetically controlled, and all concentrations in the bulk are almost equal to the concentrations at the interface. A large increase in reaction rate is observed for an increase in rhodium content from 200 to 600 ppm. The increase in production rate occurring from 600 to 1000 ppm is much lower, mainly because of a larger reaction rate inhibition due to the higher ligand concentration.
Effect of CO Partial Pressure.
The influence of the CO partial pressure on the reaction rate is shown in Figure 6 . At low CO partial pressures (5 bar) and at low power inputs, the production rate suffers from severe CO mass-transfer limitations. The bulk concentration of CO is close to zero. The maximum production rate (at optimum CO and propylene bulk concentrations) is reached at a relatively high power input. This maximum production rate is lower than that observed in the case with 10 bar of CO, because of a less-optimal combination of CO and propylene bulk concentrations. At higher CO partial pressures (15 and 20 bar) and low power inputs, the reaction is limited not by CO mass transfer, but (in this example) by hydrogen mass transfer. The optimum production rate is reached at lower power inputs, at which the mass-transfer rate is still relatively low. A lower optimum production rate is therefore obtained. In this example, the optimum CO partial pressure seems to be around 10 bar. Further optimization of the production rate is possible.
Effect of the Dispersed Phase.
The above modeling results show that, in this reaction system, the production rate is quite sensitive to the power input of the impeller. This means that accurate knowledge of the mass-transfer parameters is required to predict the correct concentration profiles and to optimize the production rate. It is known that the presence of a dispersed phase can change the concentration profiles and thereby the flux of the gaseous components to the aqueous phase (for instance, by the shuttle model). In Figure 7 , the effect of 20 vol % dispersed butyraldehyde on the production rate is shown, assuming a homogeneous model of the shuttle mechanism. At low power inputs, the mass transfer is enhanced by the dispersed butyraldehyde, which has a higher solubility for the gases than the aqueous phase. This higher solubility decreases the concentration of the dissolved gases in the mass-transfer zone near the interphase, which leads to a higher gasto-liquid flux. Because of the increased mass-transfer rate, compared to the case in which no dispersed phase is present, the concentrations in the bulk increase to this optimum level at lower power inputs, and the maximum productivity is reached when the flux is still rather low because of the low mass-transfer rate. The optimum production rate is lower in this case. When lower partial pressures are applied, the optimum will be at higher power inputs, and a higher production rate can be achieved. At high power inputs, the concentrations in the bulk are almost equal to the concentrations at the interphase for both cases. The production rate is lower when the dispersed phase is present, because of the lower continuous-phase volume available for the reaction to occur.
In a previous study, 14 it was shown that two components increased mass transfer (toluene and 1-octanol) and two organic liquids did not (n-heptane and ndodecane). In the next section, experimental results of mass-transfer (absorption) experiments are presented for the three hydroformylation gases in water, water with dissolved butyraldehyde, and water-butyraldehyde dispersions. In this way, the influence of butyraldehyde on the mass-transfer coefficient k L a is investigated.
Experimental Section
Mass-transfer experiments were carried out in a 640-mL-capacity autoclave (Bü chi) equipped with a gasinducing turbine with a variable speed up to 2200 rpm. The gas was induced in the stirrer shaft by four holes in the top of the shaft and retrieved in the solution by four holes between two round plates on which the impeller blades were mounted. The total impeller diameter was 4.5 cm, and the blade width was 1 cm. The reactor was jacketed and temperature controlled by an oil bath up to 150°C with an accuracy of 0.1°C. A fast pressure transducer (up to 60 bar, 0.01 bar accuracy) was used to measure the pressure in the reactor. The temperatures and pressures were recorded on a PC. A schematic diagram of the setup is shown in Figure 8 .
In a typical absorption experiment, the gas was introduced into a jacketed and stirred storage vessel; hydrogen and carbon monoxide were taken from gas bottles by making use of a pressure reducer, and propylene was introduced as a liquid using a pressurized syringe. In the experiments with propylene, the storage vessel was heated to 120°C at which point all of the propylene was in the gas phase. The experiments were performed below the vapor pressure of propylene at the measurement temperature to avoid condensation in the reactor. The gases were transported to the reactor using a pressure reducer at the desired pressure. The liquid in the vessel was degassed before the experiments by the application of vacuum. After the gas had been introduced into the reactor and the pressure had stabilized, the stirrer was switched on, and the pressure versus time curve was recorded on a personal computer. When a dispersed phase was present in the reactor, stirring was applied before the introduction of the gas to obtain a well-dispersed system at the start of the experiment. All experiments were performed at a temperature between 22 and 25°C, a pressure of 8 bar (in the case of propylene, around 3 bar), and a stirring speed of 800 rpm.
Chemicals.
The experiments were performed with n-butyraldehyde as the dispersed phase, because this is the main product in the biphasic hydroformylation of propylene. N-butyraldehyde was obtained from Merck with a purity higher than 99%. Deionized water was used as the continuous phase. All gases were obtained from Hoek Loos. Carbon monoxide had a purity of 99.997%, hydrogen had a purity of 99.999% and propylene had a purity of 99.8%.
Interpretation of the Mass-Transfer Experiments.
In a gas-liquid system, the volumetric liquidphase mass-transfer coefficient, k L a, is determined from the pressure drop by making use of a mole balance of the absorbed gas with boundary conditions
The measured pressures are converted to moles by using the Peng-Robinson equation of state. The concentration in the liquid phase can be determined from the number of moles that have been absorbed from the gas phase, according to the expression Equation 19 can be integrated to obtain When the right-hand side of eq 20 is plotted versus time, the slope equals k L a. The distribution coefficient, m, can be determined according to
The determination of k L a is not as straightforward in gas-liquid-liquid (G-L-L) three-phase systems as in G-L two-phase systems. The driving force for mass transfer depends on the presence of butyraldehyde in the mass-transfer zone. The difference between these two situations is clarified in Figure 9 . When the dispersed phase is present in the mass-transfer zone, the driving force is larger, and a smaller k L a value will be calculated from the experiments.
As in a one-phase system, the determination of the k L a (without dispersed phase in the mass-transfer zone, D1) starts with the mole balance of the absorbed gas (eq 19). The concentration in the continuous liquid phase 
is now given by
The number of moles in the dispersed phase can be determined using the definition of relative solubility By combining these two equations, the continuous liquid-phase concentration can be described by
The volumetric mass-transfer coefficient in case of a dispersed phase, which is not present in the masstransfer zone, can now be determined as
The solubility in the continuous phase (saturated with butyraldehyde), m C / , can be calculated according to
The solubility ratio, m R , can be determined from measurements in the presence of a dispersed phase. In this case, the following relations hold in which m ov is the overall solubility ratio measured as if there was no dispersed phase present. In the case in which dispersed-phase droplets are present in the mass-transfer zone (D2) and the mass transfer is enhanced according to a homogeneous model of the shuttle mechanism, k L a can be determined by making use of the enhancement factor proposed by Bruining et al. 16 The mass-transfer coefficient can be determined from the case without droplets in the masstransfer zone (D1) and is given by
Results
In Figure 10 , the results of two typical mass-transfer experiments are presented. One experiment is shown with 1.1 vol % butyraldehyde, which is less than the solubility of butyraldehyde in water (10.4 vol % at 25°C 17 ). The other experiment was performed with 25.6 vol % butyraldehyde and thus consisted of approximately 15% dispersed phase. The decrease in pressure was quite rapid in both cases. In most cases, a measurement time of 15 s was possible. After this, the changes in pressure were too small, and the Y versus time plot contained a great deal of scatter. From Figure 10 , it can be seen that the value of k L a is about 3 times larger in the presence of the dispersed phase Than in the onephase system. This phenomenon will be studied more intensively in the next sections.
Mass Transfer of Carbon Monoxide.
The results for the relationship between k L a and the volume fraction of n-butyraldehyde in the case of carbon monoxide absorption are shown in Figure 11 . Upon addition of a small amount of butyraldehyde, a small increase of k L a is observed. At low (1-6 vol %) butyraldehyde fractions, k L a remains relatively constant. At butyraldehyde fractions close to the maximum solubility of butyraldehyde in water (7-10 vol %), a sharp increase (approximately a factor of 3) in k L a is observed. At butyraldehyde fractions beyond the maximum solubility, no further enhancement of mass transfer is observed. The value of k L a D1 remained practically constant. Enhancement of mass transfer according to a homogeneous model of the shuttle mechanism is therefore unlikely, and k L a D2 showed a decreasing trend with increasing butyraldehyde volume fraction. From the plot of the overall solubility, m ov , as shown in Figure 12 , the solubilities of CO in the aqueous phase and in butyraldehyde can be determined. The solubility of CO in water is not affected by dissolved butyraldehyde. The maximum solubility of butyraldehyde in water can be determined as 9.5 vol %, which is somewhat smaller than the literature value of 10.4 vol %. Beyond the point of maximum solubility of butyraldehyde, m ov,CO increases linearly with dispersed-phase fraction. The physical properties that can be derived from these plots for all gases are reported in Table 4 .
Mass Transfer of Hydrogen.
The effect of the butyraldehyde volume fraction on the mass-transfer coefficient is shown in Figure 13 . The addition of small fractions of butyraldehyde causes an increase in k L a of 80%, which is significantly greater than the increase observed in the experiments with carbon monoxide (30%). Similarly to the results with CO as the gas phase, a sharp increase in the mass-transfer coefficient was observed near the maximum solubility point. No enhancement of mass transfer was obtained after this point; rather, a decrease occurred. The value of the mass-transfer coefficient when a homogeneous model of the shuttle mechanism is applied (k L a D2 ) is also shown in Figure 13 , although the validity of this model in the case of a decreasing mass-transfer rate is not very realistic. The solubility of H 2 was approximately constant below the maximum butyraldehyde solubility (Table 4) . Beyond this point, a linear increase in the overall solubility was obtained, similar to Figure 12 . The value for the relative solubility, m R , was 4.5, which was much lower than the value with CO (11.2).
Mass Transfer of Propylene.
Mass-transfer experiments with propylene at 8 bar were more difficult than experiments with carbon monoxide and hydrogen. Both the solubility and the k L a value were dependent on the propylene concentration in the solution. This caused nonlinear plots of Y versus time and nonreproducible results. Therefore, the experiments were performed at a pressure of around 3 bar. At such pressures, the values of m and k L a were relatively independent of the gas-phase propylene pressure.
The mass-transfer coefficient, k L a, is plotted versus the volume fraction of butyraldehyde in Figure 14 . A trend similar to that observed in the experiments with CO and H 2 was obtained. The value for k L a in the presence of dissolved butyraldehyde was approximately 90% higher than that in pure water. The point of maximum butyraldehyde solubility was reached at 7.7% according to the overall solubility plot. This value is somewhat lower than those for hydrogen and carbon monoxide, which might be due to the dissolved propylene in the solution. After the maximum solubility point, again, an increase by approximately a factor 3 is observed. At higher dispersed-phase fractions, the masstransfer rate is somewhat higher (k L a D1 ), but it is not likely that this enhancement is due to the shuttle mechanism, because a strongly decreasing trend in k L a D2 is observed. An enhancement due to the shuttle mechanism would result in a higher enhancement because of the high relative solubility in case of propylene.
Discussion
In the experiments with all three gases, a more or less similar trend was obtained for the volumetric liquidphase mass-transfer coefficient, k L a, and for the volumetric liquid-phase mass-transfer coefficient in the presence of a dispersed phase, k L a D1 , which is shown in Figure 15 . The increase in mass-transfer rate from pure water to water with dissolved butyraldehyde (A) varied from 30 to 90% depending on the gas. This increase in k L a is small compared to the expected increase in the interfacial area, a, according to mass-transfer correlations for coalescing and noncoalescing systems. It seems that the expected increase in interfacial area is accompanied by a decrease in the mass-transfer coefficient, k L , as indicated in eq 13 from the work of Llorens et al. 13 To test this hypothesis, two types of additional experiments were carried out: (1) measurement of k L a in a noncoalescing electrolyte system and (2) measurement of the interfacial area using ultrasonic spectroscopy.
In the experiments with the noncoalescent electrolyte solution, 0.6 M KCl was used as the aqueous phase. This concentration was high enough to suppress coalescence according to the results of Craig et al. 18 The results with different fractions of butyraldehyde are given in Figure  16 and show that the value of k L a without butyraldehyde in the solution is much higher than the value in water. The addition of butyraldehyde caused a strong decrease in the volumetric mass-transfer coefficient to the level of the water-butyraldehyde system. This is most likely caused by a decrease in the mass-transfer coefficient, k L , and not by a decrease in the interfacial area, a. The decrease in the mass-transfer coefficient is a factor 2.3, which is very close to the factor 2.4 that was predicted according to eq 13. With the exception of the experiments without butyraldehyde, the trend is approximately similar compared to that for the COwater-butyraldehyde system.
It was, unfortunately, not possible to measure the gas-liquid interfacial in the autoclave that was used in these experiments. To obtain a qualitative impression of the interfacial area in water-butyraldehyde systems, measurements were performed in a 2-L glass reactor. Nitrogen was used as the dispersed gas phase. Measurements of the interfacial area were made using ultrasonic spectroscopy. Details of this method can be found elsewhere. 19 These measurements indicated that the area in water containing butyraldehyde is approximately a factor 4 higher compared to the area in pure water. The results are shown in Figure 17 . These results indicate that, together with the above-discussed decrease in k L by a factor of 2.3, it seems that the small increase in k L a (A in Figure 15 ) upon addition of butyraldehyde to water is determined by two largely compensating effects: a decrease in k L together with a increase in the interfacial area a. Beyond the point of maximum solubility, a small increase in a is observed, but this increase is not large enough to explain the sharp increase in k L a (B in Figure 15 ) that was obtained in the mass-transfer experiments.
The most logical explanation for the sharp increase in k L a at the point of maximum butyraldehyde solubility (B in Figure 15 ) is an increase in the mass-transfer coefficient, k L . The increase is approximately a factor 2.5-3 for all gases. A further increase of the interfacial area is unlikely, as this increase was also not observed in the interfacial area measurements.
A possible explanation for the increase in the masstransfer coefficient (step B in Figure 15 ) is that the rigid layer of molecules that is responsible for the original decrease in the mass-transfer coefficient has disappeared. This might be due to the formation of a larger butyraldehyde layer around the bubble. This layer is probably more mobile and therefore not able to suppress the turbulence acting on the bubble wall. The final
, which indicates whether it is favorable for an organic layer to spread over a bubble under mutually saturated conditions, was determined using a Krü ss K9 tensiometer and was positive (+7 mN/m). This indicates that the spreading of a butyraldehyde layer on a gas bubble is energetically favorable. Furthermore, it was shown that the presence of a small layer of butyraldehyde on the saturated solution decreased the spreading coefficient to approximately zero. Bartell et al. 20 showed that the formation of such a small layer can occur spontaneously, when the initial spreading coefficient is positive.
Beyond the point of maximum solubility, mass transfer was not enhanced by the addition of more butyraldehyde. This was found by Cents et al. 14 for the addition of n-heptane and n-dodecane to an aqueous phase, whereas toluene and 1-octanol did enhance mass transfer, which could be well described using a homogeneous model of the shuttle mechanism. Furthermore, Lekhal et al. 21 found that mass transfer of hydrogen and carbon monoxide was enhanced according to the shuttle mechanism (the mass-transfer coefficient did not decrease while the effect of the dispersed phase was taken into account in their model) with octene as the dispersed phase. In their study, additional enhancement was observed around at a dispersed phase content of 3-4 vol %. These differences, which are not clearly understood, indicate that additional research on this topic is required, to be able to predict the influence of the dispersed phase on the rate of mass transfer.
For the modeling case, these results imply that the decrease in the mass-transfer coefficient should not be taken into account, as the reactor operates above the solubility limit (around 10 vol %). Furthermore, mass transfer is not enhanced at higher dispersed-phase fractions. These results can be used in the selection of the optimum process parameters for the biphasic hydroformylation of propylene (and probably for other biphasic hydroformylation reactions as well). Figure 18 shows that high production rate can be obtained at a relatively low power input compared to the standard case. For both cases, the reduction of k L due to the butyraldehyde molecules was not taken into account. In optimizing the production rate, the following constraints were used: p tot < 50 bar, T ) 120°C, c Rh < 1.5 mol/m 3 , and c Rh /c Lig > 1:30. An optimal production rate was achieved at a gassed power input of 140 W/m 3 and was almost 3 mol/(m 3 s).
Conclusions
In this work, a modeling study was performed on the biphasic hydroformylation of propylene to butyraldehyde. Because of the negative-order dependencies on the CO and propylene partial pressures in the kinetic rate expression, an unusual effect of the power input on the production rate was observed. The production rate first increased with increasing power input to an optimum value. Beyond this maximum, a decrease was observed to a value at which the concentrations in the liquid bulk were equal to the concentrations at the interface.
Furthermore, it was shown that the addition of a dispersed phase (in this case, butyraldehyde) can change the concentration profiles in the mass-transfer zone, which can cause a shift in the optimum production rate to lower power inputs. These examples show that accurate knowledge of the mass-transfer properties in gas-liquid-liquid systems is necessary to predict and optimize the production rate in the biphasic hydroformylation of propylene.
Experiments made clear that the addition of small amounts of butyraldehyde caused a relatively small increase in the volumetric mass-transfer coefficient, k L a. This small increase was due to a larger increase in the interfacial area, a, accompanied by a decrease in the mass-transfer coefficient, k L . Near the point of the maximum solubility of butyraldehyde, a strong (factor of 3) increase in k L a was observed. The most logical explanation for this is an increase in k L , as independent measurement of the interfacial area using an ultrasonic technique did not show such an increase in the surface area. This increase in k L might be due to the disappearance of the rigid layer of butyraldehyde molecules at the gas-liquid interface by the spreading of a butyraldehyde layer around the bubble. This hypothesis was supported by surface tension measurements.
The results obtained in this work lead to an increased insight into the biphasic hydroformylation of propylene and can therefore be used to increase the production rate of this process.
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